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Abstract
Estuarine turbidity maxima (ETM) retain suspended particulate matter (SPM) through advection,
settling, aggregation and non-linearities in bed processes. This contribution defines for the first time a
parameter space descriptive of ETM water-column particle trapping processes through a scaling analysis
of the local and integral SPM balances. In the absence of long-term deposition, there are five primary parameters for the large particles or aggregates that are typically trapped. Rouse number P, the ratio of settling velocity WS of the SPM relative to the shear velocity U*, describes the material trapped in the ETM
in terms of the local vertical balance between vertical mixing and aggregate settling. Advection number A
= P ∆U/UT scales the landward transport of SPM by tidal and mean flow processes in terms of flood-ebb
velocity difference (∆U) and maximum tidal current (UT). Supply number SR = P UR/UT defines SPM supply and removal (UR is river flow). Changes in the estuarine inventory of SPM are described in terms of a
Trapping Efficiency E, a ratio of peak ETM concentration to fluvial or marine supply concentration. The
effects of aggregation in the integral dynamic balance are quantified by a Floc number F that describes
the tendency of aggregates to form through shear-driven collisions. This study uses observations from two
strongly advective systems (the Columbia and Fraser Rivers) plus literature values from 13 other estuaries
to illustrate the applicability of the above scaling. The primary question investigated is the relationship of
trapping efficiency E and Floc number F to other parameters, especially river flow (expressed in terms of
supply number SR). The strongest SPM trapping (high E) occurs in mid-ETM, where A ~0. The extreme
high flows observed in the Fraser River estuary show how ETM trapping becomes ineffective as the estuary length contracts to one tidal excursion or less (limit of high SR). Use of data from all 15 estuaries
shows that there is a strong trend toward more efficient trapping for low SR. E and F are positively correlated, so that aggregation becomes more prominent in systems with weak to moderate river flow. Examination of tidal monthly and seasonal particle properties at four closely-spaced moorings in the Columbia
emphasize the importance of strong ETM gradients – particle properties are diverse even when the hydrodynamic regime is apparently similar. Finally, scaling variables and data are combined to express ETM
properties in terms of U*, UR and UT.
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Scope and Challenge
Concentration of suspended particulate matter (SPM) in estuarine turbidity maxima (ETM) is a
ubiquitous phenomenon, and ETM play a vital role in secondary production in many estuarine ecosystems
(Simenstad, et al., 1995). Despite pioneering numerical studies by Festa and Hansen (1978) and Dyer and
Evans (1989), there is no theory defining how estuarine turbidity maximum (ETM) processes vary with
river flow or tidal forcing. There is not even a conventional set of parameters (comparable to those developed for estuarine circulation by Hansen and Rattray, 1965, 1966) to describe particle trapping and retention by horizontal advection, settling, aggregation and non-linearities in bed processes. Most analyses of
SPM dynamics have, moreover, focused on laterally uniform environments where advection and aggregation were not dominant terms in the SPM dynamic balance. While this approach has allowed a focus on
the vital issues of erosion, particle settling and deposition, the existence of an ETM implies horizontal
SPM advection (Jay and Musiak, 1994). The fact that ETM material is dominated by aggregates not found
in high concentrations elsewhere suggests that aggregation is also a vital ETM process. The global dynamical importance of advection and aggregation has not previously been examined, however.
An important focus of this paper is conceptual. A scaling analysis of the local and integral SPM
conservation equations defines a parameter space in which observations may be interpreted. Testing this
parameter space requires data sets that are broad in terms of the ETM trapping processes encompassed.
SPM concentration and transport vary, moreover, on a range of time scales from intra-tidal to interannual.
Understanding the role of turbidity maxima in one estuarine ecosystem would require observation of the
entire annual cycle of ETM processes, probably several times. Instead, this study uses recent observations
in two advection-dominated systems (the Columbia and Fraser River estuaries) and literature data from
less strongly forced systems as a means to understand the particle trapping parameter space defined. The
Columbia and Fraser are both highly stratified during high-flow periods, despite strong tidal currents.
Still, there are significant differences in their ETM – the Columbia effectively retains SPM during highflow periods, whereas the Fraser does not – that are clarified using the parameter space defined here.
Comparison of these two systems also has a historical aspect – the Fraser is an analog to the Columbia,
before the latter was “tamed” by flow regulation and diversion. Observations during a major freshet in the
Fraser provide, therefore, insight into the historic sediment transport regime of the Columbia.
Two primary tests of our conceptual framework are considered here. The first is to determine how
Trapping Efficiency E relates to the other parameters (E is the ratio of maximum ETM SPM concentration to fluvial source concentration). A primary result with respect to E involves the potentially contradictory influence of river flow – strong buoyancy input may intensify stratification and upstream bottom
flow, but also shortens the estuary, reducing the volume in which particles may be trapped. Results sug-
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gest that the lowest river flows provide maximal trapping. The second major test is to determine whether
advection and aggregation are systematically important to ETM dynamics, and the conditions conducive
to their importance. Advection is strongest on the margins of the ETM, but the highest SPM concentrations occur in mid-ETM where advection is small. Aggregation was systematically important during most
of the 8-mo period studied in the Columbia; its importance increases in proportion to E. Finally, important ETM properties can be described with respect to shear velocity U*, river flow velocity UR, and tidal
velocity UT.
Resolving the challenges described above requires: a) description of the Columbia and Fraser
River estuaries, b) explanation of measurement and data analysis methods, c) scaling the local and integral SPM balances, and d) examination of the relationships amongst the scaling parameters.

Setting
The longest available data set (8 mo) is for the Columbia River estuary. The Columbia River is
the largest on the Pacific Coast of North America, with a mean flow of ~7,300 m3s-1. This considerable
river flow enters an estuary that has both topographically constrained reaches and large tidal flats. The
tide is mixed diurnal and semidiurnal; the greater diurnal tidal range is 2-4 m. The result is very strong
barotropic and internal circulations at tidal and subtidal frequencies. The salinity and SPM transport regimes of the Columbia River Estuary (Figure 1a) are characterized by (Jay and Smith, 1990; Jay and
Musiak, 1994): a) strong horizontal density gradients, b) a range of estuarine conditions from partially
mixed to highly stratified, c) two primary ETM, one each in the North and South channels, and d) compact ETM that are strongly affected by advection. Aggregates dominate the fastest settling velocity (Ws)
class in the Columbia ETM, though sand is also suspended on spring tides (Fain et al., 2001). The Columbia River Estuary Land-Margin Ecosystem Research (CRE-LMER) Program provides extensive vessel observations regarding ETM phenomena in an environment suitable for understanding ETM processes
over the 1990-1999 period (Simenstad et al., 1995). These data have been augmented by four 8-month
moored SonTek acoustic Doppler profiler (ADP) records provided by the Columbia River Estuary
(CORIE) program (Baptista et al., 1998; www.ccalmr. ogi.edu/CORIE/).
The Fraser River estuary (Figure 1b) provides even starker conditions than the Columbia, because
its ratio of river flow to tidal prism is larger, and its topography simpler. The Fraser broadens the available range of observations and serves as an analog to historic conditions in the Columbia. In the Fraser: a)
salt-wedge salinity intrusion is persistent on flood (Geyer and Farmer, 1989), b) all salt is removed from
the system on high-flow greater ebbs, c) bedstresses are very high with U* values reaching 0.15 ms-1
landward of the salt wedge, and d) SPM in the salt wedge is strongly affected by advection (Kostachuk et

5

al., 1989). Like the Columbia, the Fraser has a mixed tide (greater diurnal range up to 4.5 m), but the ratio
of diurnal to semidiurnal forcing is larger in the Fraser.
Geometric simplicity is helpful in understanding dynamics. Both the Columbia and Fraser are
highly channelized, with channel widths that are only O(50%) of the internal Rossby radius Rf. Thus, lateral processes are less important than in other systems with a channel width closer to Rf (e.g., the Hudson
River, Geyer et al., 1997). Because it has a single narrow channel (with only one major turn) and is constrained by a jetty, the Fraser River channel more closely approximates the two-dimensional (2-D) ideal
considered in the scaling analysis that follows.
The Columbia River estuary moored data were collected during 1997, a La Niña year with the
strongest spring freshet since 1974 and the second largest total flow of any year of the 20th Century. Four
CORIE moored ADPs provide velocity and backscatter data from May to December 1997, encompassing
both the freshet and low-flow seasons (Figures 1a and 2a); deployment parameters are summarized in Table 1. There were three 15-day LMER cruises to provide calibration data. Although large by contemporary standards, peak flows during the 1997 spring freshet were much smaller than they would have been
without flow regulation and irrigation diversion, ~16,000 m3s-1 instead of >25,000 m3s-1. LMER carried
out vessel observations in the Fraser River (Figures 1b and 2b) in 1999 during one of the largest freshets
in the last 50 years with peak flows >11,000 m3s-1, and in 2000 with normal freshet flows of 7-8,000 m3s-1
The mean annual flow of the Fraser River (2,720 m3s-1) is 36% of that for the Columbia (7,300 m3s-1).
Thus, the 1999 observed flows in the Fraser were, relative to the long-term mean, almost twice those in
the Columbia. Such extreme flow conditions have not occurred in the Columbia since 1948 and 1964.
Such flows occurred regularly, however, prior to construction of 28 major dams for flood control, irrigation and power generation (Simenstad, et al., 1992). In contrast, there is only one major dam in the Fraser
River drainage; it diverts about 3% of the flow (Church and McLean, 1992).
Figure 1a,b – maps
Figure 2a,b – river flow for the CR and FR

Instrumentation and Methods
Conventional measurements of SPM concentration and particle size spectra are labor intensive
and not readily automated. Determination of SPM properties from acoustic backscatter (ABS) provides an
attractive alternative, if sufficient calibration data are available. An inverse analysis approach is used here
to separate settling velocity (Ws) classes in the SPM profiles obtained from the moored ADPs in the Columbia River estuary (Fain et al., 2001; Figure 1 and Table 1).
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A moored ADP provides a time series of gated ABS profiles. Optimum use of this information
requires that the ABS profiles from a single acoustic beam be converted (after correction for beam spreading, absorption and non-linear transducer effects) to profiles of SPM concentration for a small number of
SPM classes, using appropriate calibration and verification data. A small number of theoretical profiles
(“basis functions”) are defined for each sampling time; each basis function corresponding to a size or Wsclasses known to be present. The contribution of each basis function to each observed profile is determined by a non-negative least-squares or NNLS (a form of inverse analysis). Results depend, therefore,
on the assumed SPM dynamic balance used to form the basis functions. We here follow previous analyses
that have used a balance in the vertical between turbulent SPM flux and particle settling (Lynch and
Agrawal, 1991; Lee and Haines, 1995). Our modified Rouse balance approach differs from previous such
analyses in several respects. First, the presence of aggregates of unknown density means that scattering
behavior and Ws are not known functions of particle size. This analysis has been formulated, therefore,
around Ws, not size classes (following Orton and Kineke, 2001). Second, the NNLS inverse technique
used is sensitive to mismatch between the assumed and actual Ws-spectra. Thus, observed Ws-spectra, obtained from extensive LMER Owen tube sampling (Reed and Donovan, 1995), have been employed to
guide the inverse analysis. Finally, extensive calibration data are provided by three LMER cruises.
Calibration and verification of this inverse analysis have been described in Fain (2000) and Fain
et al. (2001). Owen tube results suggest four Ws-classes (C1 = 0.014 mms-1, C2 = 0.3 mms-1, C3 = 2 mms-1
and C4 = 14 mms-1) as descriptive of the SPM present in the system. Gravimetric samples defined a bulk
SPM vs. OBS calibration for LMER cruise periods. OBS profiles collected near each of the four ADP
moorings were used to provide a bulk ABS vs. OBS calibration, which was then converted to an ABS vs.
bulk SPM calibration using the bulk SPM vs. OBS calibration. Verification of the inverse analysis results
was carried out through comparison between calculated (inverse analysis) Ws-spectra for each ADP and
the observed (Owen tube) Ws-spectra at the nearest vessel station.
Our inverse approach is relatively simple and can be applied to moored instrument records. It has,
however, two weaknesses: a) it neglects horizontal advection of SPM in structuring the vertical SPM distribution, and b) a bulk SPM calibration is employed, whereas ABS strength may depend significantly on
particle size. The advection problem is dealt with “after the fact” by identifying times when advection
may distort SPM profiles. We have used this inverse approach in the Columbia, where the particle field
sampled by the moored ADPs (which starts 2 m off the bed) contains primarily aggregates not sand, except on strong tides. Comparison of inverse analysis and Owen settling tube results suggest that the aggregates do not scatter an acoustic signal as strongly as sand grains with similar Ws values. Furthermore,
the presence of a broad range of particle sizes tends to stabilize the ABS vs. OBS response, as long as the
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size distribution does not change drastically over time. Thus, an inverse analysis based only on ABS
works quite well in the Columbia and other estuarine environments (Fain, 2000; Fain et al., 2001; Fugate
and Friedrichs, 2002).
The Fraser River has an even broader range of particle sizes than the Columbia. Several techniques have been used to combine ABS and optical backscatter (OBS) measurements to deal with a broad
and variable range of particle sizes, e.g., Thevenot and Kraus (1993); Green et al. (2000). Fraser River
data presented below were analyzed using a multiple-sensor inverse method described by Orton et al.
(2001, 2003) and Jay et al. (2002). This method has two stages. The first stage consists of separate inverse
analyses of OBS and ABS, by the method outlined in the previous paragraphs. The second stage uses
conservation of mass to define response coefficients for each Ws-class and instrument, and determines
which instrument is best suited to measuring each Ws-class. This approach provides a Ws-dependent calibration of the backscatter signals, reducing the sensitivity of the inverse approach to particle properties.

Definition of a Parameter Space for Estuarine SPM dynamics
A scaling analysis of the local and integral (time and space averaged) SPM conservation equations provides insight into the parameters governing particle trapping and the role of advection in an
ETM; it is the basis of the data analyses discussed below. First, we define the major parameters governing
particle trapping, then we show how they emerge from the scaling analysis. The major parameters are:
•

The Rouse number P = Ws/(κU∗); P is familiar as the ratio of particle settling (Ws) to vertical diffusion, represented by the product of von Karmann’s constant k = 0.41 with the shear velocity U∗.

•

The Trapping Efficiency E = CE/CR; E is the ratio of maximum ETM concentration of large particles
(CE) to a fluvial (or marine) source concentration of cohesive particles (CR) supplied to the ETM from
the river. Changes in SPM inventory in the ETM are related to E and SPM residence time RT.

•

The Advection number A = P ∆U/UT scales the strength of advection in the local and global SPM
equations; ∆U is a scale for near-bed, flood-ebb velocity difference, and UT is tidal velocity scale.

•

The Supply number SR =P UR/UT; SR in the global SPM equation measures scales the fluvial forcing
that supplies SPM to (and removes it from) the ETM; UR is river flow velocity.

•

The Floc number F = α (U∗H/ν)½ E CF scales aggregation effects in the global SPM conservation
equation, under the assumption that shear drives the formation and destruction of aggregates. Here, α
is a stickiness coefficient, H is total depth, v is viscosity, and CF is a dimensionless scale for the estua-
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rine volume concentration of fines that may be trapped in the ETM. F/E appears in the local SPM
conservation equation.
Our analyses consider the SPM balance in a channel that is vertically stratified but laterally uniform, a good approximation in strongly advective systems like the Fraser and the Columbia. Assuming
lateral uniformity and neglecting horizontal turbulent mixing, the local dimensional SPM conservation
equation for Ws-class j in the presence of other Ws-classes (denoted Wsk) may be written:

∂C′j ⎛ ∂C′j
∂C′j ⎞
∂C′j ∂ ⎡
∂C′j ⎤
⎟⎟ = Wsj
+ ⎜⎜ u′
+ w′
K s′
+
+ ∑ f (C′j , Ck′ )
⎢
∂t ′ ⎝ ∂x′
∂z′ ⎠
∂z′ ∂z′ ⎣
∂z′ ⎥⎦ k ≠ j

(1)

where: primed variables (except C£j) are dimensional, C£j is volume concentration of the jth Ws-class; t£ is
time; z£ is height above bed; u£(x,z,t) is horizontal velocities; w£ is vertical velocity; K£s is vertical sediment
diffusivity; Wsj is settling velocity of the jth settling class; and x£ is the horizontal coordinate; f(C£j, C£k)
represents non-conservation interactions between Ws-classes, aggregation-disaggregation in this case. (We
retain a prime on the dimensionless C£j to distinguish them from scaled concentrations, below.)
Only three types of SPM need to be considered for present purposes: a) estuarine aggregates
(volume concentration C£e) trapped in the ETM, b) estuarine fines (volume concentration C£f) that interact
with estuarine aggregates as they grow, and c) the fluvial material (volume concentration C£r) supplied to
the estuary. C£r typically consists of fines and small aggregates, but sand is excluded. It is further assumed
that the vertical velocity w£ << Ws, that flocs grow from interaction of estuarine fines with estuarine aggregates through shear-driven collisions, and that disaggregation occurs through cleavage of aggregates.
Then division of the scaled, dimensional version of (1) by κU∗CE/H leads to a non-dimensional SPM balance for scaled estuarine aggregate concentration Ce(x,z,t):

m

∂Ce
∂C
∂C
∂ ⎛ ∂C ⎞
+ A u e = P e + ⎜ K e ⎟ + ΦC f + Γ
∂t
∂x
∂z ∂z ⎝ ∂z ⎠

(2a)

Ce' = CE Ce

estuarine aggregate volume concentration

Cr' = CR Cr

fluvial volume concentration of fines

Cf' = CF Cf

estuarine volume concentration of fines

t' = t /ω

time

x' = Lx x

horizontal coordinate

z' = H z

vertical coordinate

u' [x,z,t] = ∆U u[x,z,t]

velocity (as difference between flood and ebb)

K'S = κU∗H K[x,z,t]

turbulent SPM diffusivity
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A = ∆U/(κU∗)H/Lx

Advection number

m = ωH/(κU∗)

time-variation scale

P =WSE/(κU∗)

ratio of settling to vertical mixing (Rouse number)
½

Ф = α (U∗H/ν) CF
½

aggregation scale (local equation)

Г = β (U∗H/ν) (D/λ) (∆ρE/∆ρF)3/2

disaggregation scale (local equation)

D (mm)

aggregate diameter
-1

WSE (mms )

aggregate settling velocity

∆ρE (kgm-3)

excess aggregate density

∆ρF = 103 kgm-3

excess density of estuarine fines

α ~ 1/κ

non-dimensional aggregation coefficient

β ~ 2 x 10-3

non-dimensional disaggregation coefficient

κ = 0.41

van Karmann’s coefficient

ω = 1.4 x 10-4 s-1

tidal frequency

λ

nominal Kolmogorov scale

∆U

-1

(mms )

flood-ebb velocity difference near the bed

Lx (m)

SPM horizontal scale length

H (m)

mean depth

(2b)

where: non-dimensional variables are without primes, β = 2 x10-3 is a constant that represents the tendency of shear to cleave aggregates into two equal pieces (Ruiz and Izquierdo, 1997), and α (0 < α ≤ 1/κ)
represents the “stickiness” of the aggregates for the fine ETM SPM particles (divided by κ). Also,
∆ρE/∆ρF (typically <<1) and D are defined using (Sternberg et al., 1999):
∆ρE = 21.3 D-0.46 (D in mm,

ρE in kg m-3)

D = 0.241 WsE0.65 (D in mm, WsE in mms-1)

(3a)
(3b)

While a variety of functional forms for D and ∆ρE appear in the literature, the Sternberg et al. relationships provided realistic sizes (judged by the particle analyses of Knowles and Wells, 1998) for very rapidly settling aggregates of the Columbia ETM (WS determined from LMER settling tube analyses). The
length λ = 1 mm is a nominal Kolmogorov scale; if another choice of λ is made, β is adjusted accordingly. We assume a stickiness of unity, so α = 1/κ = ~2.5. Since (2a) is written in terms of volume concentrations, CF and ФCF are unitless. Boundary conditions for (2) are: a) there is no vertical flux at the
free surface, and b) the net vertical flux at the bed is erosion minus deposition.
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Eq (2) suggests that the 2-D (x and z) SPM balance is governed by the Rouse number P and four
other non-dimensional numbers, m, A, Ф and Г. P for the aggregates that predominate in the Columbia
estuary ETM typically varies between ~0.2 and 5. Time variations scale with the non-dimensional depth
m; m is typically small (~0.1) and will not be considered further. Horizontal SPM advection, described by
advection number A = ∆U/(κU∗) H/Lx , depends on length scale Lx. A plausible value of Lx is the horizontal distance over which a particle, once suspended, settles (without mixing) a distance H; then A = P
∆U/UT.

Note that the sign of A depends on the sign of ∆U; typically, -1 < A <1, but more extreme values

are possible. Aggregation Ф and disaggregation Г are discussed below in the context of global SPM conservation.
SPM must also be conserved in an integral sense over the entire ETM, which then determines the
trapping efficiency for particles, E. Integral SPM conservation for aggregates requires that (1) be integrated over the volume of the ETM and then tidally averaged (Jay and Musiak, 1994). Like the local
equation, it is non-dimensionalized through division by UTHCr/P. The resulting 2-D (in x and z) spatially
integrated, subtidal equation for conservation of Ce:

x1

n
⎡
∂ x2
⎛
⎞⎤
x
I ∫ B H {Ce } dx = S R [Qr {Ce } ]x1 + A ⎢ H B ⎜ {uV }{CVe } + ∑ { uVmCVem }⎟⎥ +
2
∂t x1
m =1
⎝
⎠ ⎦ x2
⎣

F ∫ BH {agg.}dx + G ∫ BH {disagg .}dx + Ω ∫
x2

x2

x2

x1

x1

x1

{depositione }dx + Ψ ∫x {erosione }dx
x2
1

(4a)
F = E Ф = α (U∗H/ν)½CF

aggregation scale (global equation)

G = E Г = β (U∗H/ν)½ (D/λ) (∆ρE/∆ρF)3/2

disaggregation scale (global equation)

I = EHϖ/(κU∗)

Inventory number

SR = P UR/UT

Supply number

Ψ = EΛCBed/CR ((U∗ 2 - U∗E2) /U∗E2)

Erosion number

Ω = EP [(U∗D2 - U∗2)/U∗D2]

Deposition number

ϖ (s-1)

1/neap-spring period

B, H (m)

average width and depth

QR' = QR Qr

river flow

CBed

bed concentration

U∗E

critical shear velocity for erosion

U∗D

critical shear velocity for deposition

Λ

non-dimensional erosion coefficient (4b)
11

Subtidal time has been non-dimensionalized using the neap-spring period 1/ϖ (t' = t/ϖ), x1 and x2 are the
seaward and landward boundaries of the ETM, SPM in the ETM has been non-dimensionalized with CE,
while the flux terms at the ETM boundaries (x1 and x2), have been non-dimensionalized with CR. Brackets
< > indicate a vertical average, braces { } indicate a tidal average, and subscript V indicates a vertical deviation from a vertical average. We assume that SPM is supplied primarily by the river; a marine source
would require minor changes to the scaling.
Leaving aside for the moment the scaling, (4) says that the subtidal variations in the total SPM
inventory (on the left-hand side) are controlled by mean and tidal fluxes in and out of the ETM at its ends
(x1 and x2), net (tidal-average), aggregation/disaggregation within the ETM water-column volume and
erosion/deposition at the ETM bed. Even with some disaggregation, aggregation likely causes a net transfer of smaller material to the aggregate WS-class, represented by Ce. In the Fraser and Columbia, deposition occurs most prominently on neap tides, while erosion dominates during spring tides.
A conceptual sketch of ETM fluxes provides insight into global SPM conservation (Figure 3).
Assume initially that the SPM inventory consists of one WS class and is constant without deposition/ erosion, so the left hand side of (4) vanishes. The ETM boundaries (x1 and x2) are set such that <{C}>| x1 =
<{C}>| x2. Then the river flow is not directly involved in particle trapping because it removes as much
material (at x1) as it supplies (at x2). Instead, it provides supplies material to be trapped and the buoyancy
that creates shear and inhibits vertical mixing. The actual trapping of particles in an ETM is brought about
by convergent shear fluxes within the ETM [second term on the r.h. side of (4)], that is, by spatial correlations between SPM stratification and velocity shear at all tidal and sub-tidal frequencies (Jay and Musiak,
1994). Since SPM is concentrated near the bed, flow processes that cause landward flow near the bed will
be effective in trapping SPM. Relevant processes include gravitational circulation, salt wedge advance,
and internal tidal asymmetry (Jay and Musiak, 1996; Burchard and Baumert, 1998).
The situation described in the previous paragraph is not the only possibility for a steady ETM, if
multiple size classes are present and exchanges with the bed occur. We expect, in particular, a net creation
of Ce in the ETM by aggregation, which may be compensated by increased fluvial export (relative to
landward shear fluxes) or deposition, leaving <{Ce}> unchanged. Moreover, the global SPM balance (4)
may also be unsteady. LMER observations show that the ETM loses material to deposition during neap
tides. Erosion increases abruptly as the spring phase approaches, increasing <{Ce}>; this leads to a major
export during the larger spring tides. As tidal range wanes, material again accumulates on the bed.
The above discussion does not explain what processes determine the location of an ETM. Eq. (4)
may be used to show that the maximum vertically integrated SPM concentration occurs where the shear
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fluxes have a maximum horizontal landward SPM transport in mid-ETM. An obvious location for such an
SPM transport maximum is near the head of salinity intrusion (Figure 3), because internal tidal asymmetry and gravitational circulation are both present in the saline water mass, but drop abruptly to zero in the
tidal freshwater part of the system. This stagnation point has traditionally been called the “null zone”.
Secondary ETM occur in the Columbia and some other systems near estuary entrance fronts, where
changes in stratification also occur abruptly. Lateral mechanisms may set the ETM position in broad estuaries or systems with strong channel curvature. Description of these processes would require a 3-D conceptual framework more complex than (4). The 2-D framework explored here provides insights valid in
many systems and has a workable number of non-dimensional numbers.
The non-dimensional scaling numbers in (4) are as follows. Inventory number I = EHϖ/(κU∗) =
mEϖ/ω scales the rate of change of SPM inventory in the ETM. Supply number SR = P UR/UT scales supply to and removal from the estuary of SPM. The landward advection of SPM by mean and tidal shear is
scaled by A (as in the local equation). Erosion number Ψ = EΛCBed/CR ((U∗ 2 - U∗E2) /U∗E2) scales net (nontidal) erosion, and Deposition number Ω = EP [(U∗D2 - U∗2)/U∗D2] scales net deposition. Aggregation is
described by Floc number F = ФE, disaggregation by disaggregation number G = ГE. In these expressions, Λ is a unitless erosion coefficient (equal to the dimensional EM of Diserens et al. (1993) divided by
U∗CBed), ρU∗D2 is the critical shear stress for deposition, ρU∗E2 is the critical shear stress for erosion, and ρ
is water density. The horizontal flux summation in the second term on the right-hand side is over m = 1,n
tidal and overtide frequencies. Width variations in u and C have been suppressed for simplicity, but could
be included if appropriate (Jay et al., 1997).
The treatment of aggregation and disaggregation is an important part of the scaling. Aggregation,
represented by F= ФE, is driven by shear; it increases with particle stickiness α, fine SPM concentration
CF, and (U∗H/ν)½. Disaggregation, represented here by G = ГE increases with shear (U∗H/ν)½, particle
diameter (D/λ)1/3 and the excess density ratio (∆ρE/∆ρF). The ratio of aggregation to disaggregation is F/G
= Ф/Г = α/β CF (λ/D) (∆ρF/∆ρE)3/2. Perhaps surprisingly, this ratio has no direct relationship to shear, but
depends strongly on CF and particle properties: size D/λ, “fluffiness” ∆ρF/∆ρE, stickiness α, and aggregate
strength (in β). These properties are a function of shear, salinity, organic content, and organic coatings
provided by ETM microbes (Crump et al., 1998). While aggregates are both created and destroyed in an
ETM, the existence of elevated aggregated levels in ETM implies that aggregation is more prevalent than
disaggregation. Flocs are then removed primarily by (temporary) settling and/or eventual export to the
ocean. Disaggregation is not further considered, other than to show that it is typically smaller than aggregation in the Columbia ETM.
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We will also neglect cycles of deposition and erosion (represented by Ω and Ψ) in this study, based
on the character of the bed in the ETM in the Columbia and Fraser estuaries. At spring tides, almost all
fines are removed, leaving a bed that is ~99% sand. Thus, there is no net deposition or erosion of fine material within the ETM from one spring tide to the next, though deposition on neaps followed by erosion on
springs does occur. These ideas are confirmed by scaling results not reported in detail here. Erosion outweighs deposition most of the tidal month (especially during high-flow periods), but the system becomes
strongly depositional on neap tides. The proportion of the tidal month when deposition is possible increases during low-flow periods. The stations most often in the ETM (Tansy and AM012 in Figure 2a)
are more depositional than the other two stations, which are more commonly on the edge of the ETM.
There are seven non-dimensional numbers in (4), but three of these (A, F and G) are equal or
equivalent to parameters in (2a). Although the count of such numbers could be reduced to six by dividing
through by any parameter, the arrangement of parameters in (4) maximizes the similarity to the parameters in (2a). Our analysis of SPM conservation will focus on five scaling numbers A, F, SR, E, and P. E
controls I = mEϖ/ω and influences Ψ, Ω, F, and G. E is used in our analyses instead of I, because I was
found less indicative of ETM processes than E. This may be because 1/ϖ in I is a poor estimate of the
actual SPM residence time RT, but RT is difficult to determine.
In summary, we have defined five parameters that primarily control ETM dynamics; their behavior is investigated below. The balance of settling vs. vertical mixing is described by P. Advection and particle trapping are described by A. Fluvial SPM supply to (and removal from) the ETM is described by SR.
Variations in ETM particle inventory are controlled by efficiency of a system in trapping and retaining
SPM through horizontal landward fluxes, as described by E. Aggregation effects are quantified in the
Floc number F. Practical use of these parameters for data analysis requires decisions as to how to compute them from the time series of velocity and SPM concentration. This information is given in Appendix
A. The analyses that follow assume that the parameters determine the character of the solution; i.e., that
the terms scaled by the non-dimensional parameters are O(1).

Results
This section begins with an examination of tidal monthly and seasonal variations of the five primary scaling parameters and other ETM variables for the Columbia 1997 moored instrument data set. The
parameter space for particle trapping is then examined through analyses of the dependence of E on the
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remaining parameters. These analyses demonstrate the importance of advection and aggregation to ETM
dynamics. The key issue of the dependence of E on river flow (through SR) is then considered for the Columbia, Fraser and 13 other systems.
Tidal Monthly and Seasonal Patterns
The May to December of 1997 moored data set for the Columbia River estuary includes both the
spring freshet and the lowest flows of the year (Figure 2a). This period provides, therefore, a good view
of the seasonal trajectory and tidal monthly variations of ETM dynamics, with river flow QR varying from
~4,000 to 16,000 m3s-1. The minimum flow of ~4,000 m3 s-1 was, however, well above usual levels (23,000 m3 s-1) for the fall season. The absence of flows <4,000 m3 s-1 reflects the exceptionally large snow
pack of the previous winter and flow regulation (Jay and Naik, 2002). The moored records also do not
cover the highest flows of the year, in early January 1997. This is unfortunate, because SPM input in
January (and stored in peripheral areas) may have influenced SPM dynamics in the system during the period for which we have data.
Concentration Variations
Time histories of estuarine aggregate (CE), estuarine fines (CF), and fluvial SPM (CR) concentrations for stations AM169 and AM012 and river flow QR are shown in Figure 4. Concentrations for all stations are summarized in Table 1. QR has been lowpassed to suppress weekly power-peaking effects that
have little influence on fluvial sediment supply for sizes other than sand. Maximum daily CE and CF are
substantially higher in the North Channel (AM012) than in the South Channel (AM169) (Figure 4). CF
values averaged over the entire record are relatively uniform in space, while the mean value of CE at
AM012 is 228 to 345% higher than at the other stations. This difference in concentrations reflects to some
extent the lower elevation of the first ADP bin at AM012 (Table 1). However, the primary reason for the
higher SPM concentrations at AM012 is that the river flow is directed into the South Channel by navigation structures, so that the mean outflow is weaker in the North Channel. Fain et al. (2001) showed,
furthermore, that strong SPM export occurred on all 1997 spring tides at South Channel stations, whereas
spring-tide export was prominent at AM012 only during the freshet. Similar spatial patterns are seen in
the salt transport – salt is imported into the system in the North Channel and exported from the South
Channel (Jay and Smith, 1990; Kay et al., 1996).
Estuarine and fluvial concentrations also show important differences (Figure 4). Fluvial concentration (CR, the material supplied to the ETM) responds to QR and exhibits no neap-spring variability. CR
decreased from >80 mg l-1 to ~15 mg l-1 between d 140 and d 280, while estuarine concentrations (CE and
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CF) decreased by <50% over the same period. This contrast reflects the longer retention of SPM under
low-flow conditions (Fain et al., 2001) – during the spring freshet, RT is only 7-15 d, but increases to 30100 d later in the year. CE and CF are also much higher on spring tides, even though there is considerable
export of SPM on each spring tide. This occurs because much of the SPM inventory is on the bed during
periods of weak tides, but almost totally suspended on spring tides. Note that neap-spring differences are
usually larger for CE than for CF, because of the more rapid settling of material making up CE.
Time histories of CE and CF at the two other South Channel stations (Tansy and Red26; not
shown) are generally similar to those at AM169. Still, there are subtle differences in timing that reflect the
landward movement of the center of the ETM – at Tansy during the highest flows, further landward later
in the year. Also, there are differences between stations in absolute concentration values related to mooring configuration (distance of lowest bin from the bed; Table 1), and perhaps ADP acoustic frequency,
which influences the size of material to which the ABS is most sensitive. Also, because concentrations
cannot be calculated below the height of the first ADP bin, the strength of the currents is important –
strong currents are more effective at suspending material up into the water column to the height of the
first ADP bin. In this respect, mean SPM concentrations are noticeably higher at the two mid-ETM stations (Tansy and AM012), even though currents are weaker than at the other two stations (Table 1). Time
variations in concentration are more important, therefore, than absolute values, and comparisons between
stations must take into account differences in elevation, frequency and current strength.
Figure 4 – AM169 and AM012 concentrations
Time Variations of the Scaling Parameters
Time series of the five scaling parameters defined in the previous section are shown for AM169
in Figure 5. AM169 is used here, because it has the most complete time series and is representative. Figure 5a shows Trapping Efficiency E, Floc number F and the ratio of aggregation to disaggregation F/G.
The time variations of E and F are generally similar. Both show seasonal increases in maximum (neaptide) values and neap-spring variability. After the freshet, F is O(0.5-0.9) for at least part of each tidal
month. F/G exceeds unity except on spring tides during freshet season. Despite high values of CR during
the spring freshet, CF is low to moderate and bedstresses high, favoring SPM export over trapping and
disaggregation over aggregation. Note that the F/G ratio at AM169 is consistently the smallest for any of
the four stations; neap tide F/G values were usually 5-15 at the other three stations. Clearly, aggregation
is important in the SPM dynamical balance, and more important than disaggregation.

16

There is a seasonal reversal of the sign of advection number A at AM169 (Figure 5b). The amplitude of A is greatest on neap tides, because flood-ebb differences increase on neaps while maximum tidal
currents decrease. While all stations show more landward advection later in the season, the balance of
landward vs. seaward transport depends strongly on station location. In terms of its importance in the
SPM dynamical balance, A is O(1) for at least part of every tidal month at AM012, reaching ~0.8 after the
freshet. A is O(-0.3 to -1) at all three South Channel stations during the freshet. It sometimes reached +0.2
at AM169 and Red26 after the freshet. Clearly, horizontal advection is an important ETM process in highflow systems. In contrast, Fugate and Friedrichs found advection to be -0.1 to 10% of the settling term in
Chesapeake Bay (Fugate and Friedrichs, 2002).
The time history of SR emphasizes the high flow and fluvial sediment supply during the spring
freshet (Figure 5b). SR is also elevated on neap tides when QR is high relative to the tidal exchange. Differences between stations are minor.
Figure 5c shows flood and ebb Rouse numbers (Pf and Pe) and tidal range at AM169. Note that Pf
and Pe are plotted as tidal minima so as to be characteristic of maximum currents (Appendix). As expected, tidal monthly variations are prominent – maximum amplitudes of Pf and Pe are usually seen on
neap tides (minimum tidal range). During the spring freshet, tidal monthly variability is, however, suppressed and short-term river flow variability influences Pf and Pe. Neap spring effects on Pf and Pe are
greatest at Red26 and smallest at Tansy, while AM012 and AM169 and represent intermediate cases.
Figure 5a,b,c – AM169 parameter time series
Variations in Particle Diameter and Bedstress
Examination of time series of particle properties reveals important differences between the stations (Figures 6a,b) that both influence and reflect trapping behavior. If the Sternberg et al. (1999) relationship between aggregate D and WS (3b) can be applied in the present context, then Red26 shows a decrease in D on spring tides (Figure 6a). This inverse relationship between bedstress and particle size can
be fit by regression analysis: D = 0.826 U*-0.38 with an R2 of 0.66. Such a relationship is expected if aggregate size is limited by the Kolmogorov scale (Hill et al., 1992), though the expected power dependence
is D ~ U*-0.75, twice the value observed. In contrast, the two stations closest to mid-ETM (AM012 and
Tansy) show an increase in D on spring tides; AM012 is shown in Figure 6b. At AM012, this increase
follows the relationship D = 1.75 U*+0.16 with an R2 of 0.70. At Tansy the power law is D = 0.38 U*+0.80, a
stronger dependence on D (R2 = 0.73). There is no consistent relationship between D and U* at AM169,
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perhaps reflecting the fact that the material at AM169 has only recently entered into the estuarine environment and is not yet in equilibrium with estuarine processes.
These diverse results suggest that there are factors additional to the Kolmogorov scale that influence the D vs. U* relationship, rendering interpretation of single-point data difficult. (Note that the Rouse
profile used in the inverse analysis allows us to infer particle properties only for one depth.) Even if the
Kolmogorov scaling is correct, it is useful in describing a data set only if a consistent fraction of particle
sizes is observed. In fact, however, the vertical distribution of particles changes with bedstress, so a consistent view of the particle size spectrum cannot be obtained at any single point, especially if this point is
(as here) >1.8 m from the bed. This situation is further complicated by re-suspension – newly suspended
particles may not be in equilibrium with ambient turbulence levels. It is notable that the two stations most
centrally located in the ETM (AM012 and Tansy) both exhibit an anomalous (direct) relationship between
D and U*. It is known that SPM accumulates on the ETM bed during periods of weak tides. Resuspension of this material appears the most likely explanation for the unusual D vs. U* relationship seen
at these stations. Advection might also bring large aggregates into the ETM on spring tides from reaches
with higher bedstress. However, advection was strongest on neap tides and is unlikely, therefore, to account for the direct D vs. U* relationship seen at these stations.
Figure 6a,b – particle properties at AM012 and Red26
The diverse behavior of the D vs. U* relationship at the four stations emphasizes the importance
of the strong horizontal gradients in ETM – SPM properties differ between stations that have similar hydrodynamic regimes and are located only a few km apart. We may tentatively assume that mid-ETM particles (usually at AM012 and Tansy) are most directly influenced by having been recently on the bed,
while particles at Red26 (always on the seaward side of an ETM) are likely undergoing export. Particles
at AM169 have been recently supplied to the estuary by the river, especially during the freshet season.

Parameter-Space Explorations
Parameter space explorations, pursued here using scatterplots, allow us to understand the relationships amongst the five ETM scaling parameters on tidal monthly and seasonal time scales. These explorations are carried out using tidally filtered or (for some variables) tidal daily-maximum data estimated at 6
hr intervals; see the Appendix for details.
The Material Trapped in an ETM
One of the most basic questions about an ETM is the identity of the material trapped, given ambient bedstresses. Jay et al. (2000) argued that the material trapped in an ETM should have an intermediate
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value of Rouse number P. If the material settles too rapidly (P large), it will travel, if at all, only as bedload (the “bedload limit” limit). Material that settles too slowly (the “washload limit” of small P) cannot
be trapped at all, because its distribution is almost vertically uniform – the shear fluxes in (4) vanish. Furthermore, systems that are too deep (e.g., fjords) will not exhibit an ETM and will accumulate cohesive
materials more or less permanently on the bed. Embayments too shallow to sustain significant stratification cannot develop sufficient vertical shear to trap SPM by the mechanisms considered here. They may
still, however, accumulate SPM by lateral mechanisms.
Scatterplots of Trapping Efficiency E vs. minimum tidal-daily Rouse number P (characteristic of
maximum bed stress) provide some support for the above ideas (Figure 7), though the parameter range in
the Columbia is more limited than that encompassed by the above argument. Intermediate values of P (≈
0.15 to 0.8) on moderate to strong tides exhibit the highest values of E. The situation on weak tides is
harder to judge. At least moderate bedstresses are needed to provide high concentrations at the level of the
lowest ADP bin. If data were available nearer the bed, it is possible that E would have been found to be
maximal on weaker tides with somewhat higher values of P.
There are also prominent differences between the four stations. The two stations that most
strongly suggest high E values associated with moderate levels of P are the two stations that are most frequently in mid-ETM – AM012 (P ≈ 0.5 at maximum E) and Tansy (P ≈ 0.7 to 0.8). These are the same
stations that showed the influence of resuspension in the D vs. U* relationship. Red26 and AM169 are
more commonly on the edge of the ETM, where high concentrations (high E levels) occur on the strongest tides with the largest tidal excursion; E is maximal for P ~0.2 to 0.4. In summary, Figure 7 shows that
the peak values of E represent times when each station is at or near mid-ETM, an idea that is supported by
the relationship between E and A, (discussed below). Furthermore, P in mid-ETM occupies a relatively
small range, perhaps P ≈ 0.4 to 1, considering also neap tides which do not result in high concentrations
~2 m off the bed. We adopt below the value P = 0.7 as a characteristic mid-ETM value in analyzing E and
F across the range of estuaries.
Figure 7 – E vs P
The Role of Aggregation
Our scaling approach provides for the first time an evaluation of the global role of aggregation in
ETM dynamics (Figure 8). Maximum values of F at the four stations range from ~0.18 to 0.46 (for α =
1). Ranges (over the four stations) of maximum values for the other major scaling parameters on the righthand side of (4) are: SR from ~0.3 to 0.87, and |A| from ~0.65 to 1.1. The range of maximum values of the
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Inventory number I (which contains E) on the left hand side of (4) is ~0.12 to 0.24. Thus, aggregation is a
term of substantial importance in the SPM global dynamic balance (4).
This idea is supported by 1999 extreme high-flow observations in the Fraser (Jay et al., 2002).
Just seaward the Fraser River plume lift-off point, fines disappear from the water column more rapidly
than can be accounted for by settling (Figure 9). They were replaced by coarse material that did not come
from the bed. The rate of aggregation was estimated as the largest component of the discrepancy in the
local dynamical balance, after all other relevant terms were accounted for. Error/aggregation was found to
be ~20 to 120% of the dominant horizontal and vertical advection terms, though this was still not rapid
enough to allow retention of the aggregates formed. Vertical mixing and settling were of minor importance. An aggregation model based on Chisholm (1999) showed that the estimated aggregation rate was
plausible. Taken together observations in the Fraser and Columbia provide a strong indication that aggregation is an important process in the SPM dynamic balance, even in very strongly forced systems like the
Fraser and Columbia.
The relationship between E and F is also important. All stations show a strong correlation between E and F, because F = E Φ. Still, the causality behind this relationship is important – does aggregation promote particle trapping, or the reverse? Perhaps the best answer is that the two processes are mutually reinforcing. High values of CE and CF then allow aggregation to play a prominent role in ETM dynamics on spring tides. Aggregation helps create high CE values.
Figure 8 – E vs. F
Figure 9 – Fraser Observations
The Relationship of Particle Trapping to Advection and River Flow
One might hypothesize that maximum trapping efficiency would be achieved with maximum
landward advection. Under this hypothesis, maximum E would correspond to the highest (most positive)
values of A. Alternatively, one may adapt the traditional concept of a stagnation point or null zone, where
SPM accumulates due to a lack of advection. In this case maximum E would occur for A ~0. Figure 10
shows that the range of A is quite variable between stations, but maximum E values occur at all stations
for A ~0, supporting the null-zone hypothesis. This behavior can be understood in terms of (4). An ETM
is a zone of convergent SPM fluxes. On the seaward side of the ETM, the net SPM flux is landward; on
the fluvial side, it is seaward. The highest SPM concentrations (maximal E) occur in mid-ETM, where
fluxes are highly convergent, but landward and seaward SPM fluxes are approximately in balance. Thus,
strong particle trapping is associated with A ~0. Also noteworthy is the relationship of A to the generally
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stronger retention of particles in the North Channel – E is sporadically high over a much broader range of
A values at AM012 than is the case at the three South Channel stations. Finally, it may be that there is no
contradiction between the above two hypotheses of particle trapping. The highest concentrations are located where A = 0. These high null-zone values of E require, however, that there be strong landward
transport on the seaward side of mid-ETM and strong seaward advection on the landward side.
Figure 10 – E vs A
The relationship between river flow and particle trapping is a key issue in understanding ETM
dynamics. Scatterplots of E vs. SR (Figure 11) show that particle trapping is weaker at all stations during
high flow periods (i.e., for large values of SR). This is especially the case for the three South Channel stations for which E is <3 for SR > 0.1 to 0.2, which occurred only during the spring freshet. In contrast, E
was only briefly <2.5 at AM012 in the North Channel during the highest flows. Figure 11 confirms again
the relatively efficient retention of SPM in the North Channel, even under conditions of high river flow.
Fain et al. (2001) argued that elevated values of E after the freshet were not exclusively due to more efficient SPM retention in the ETM under low-flow conditions – particulates deposited during the freshet in
peripheral bays were supplied to ETM channels on spring tides well after the freshet. This would tend to
enhance post-freshet E values. Nonetheless, a change from export at all stations throughout the tidal
month (during the freshet) to import at most stations except on spring tides (Fain et al., 2001) suggests
that transport processes in the ETM play a dominant role in seasonal variations in E.
There may also be two different regimes in the E vs. SR relationship. During low flow periods,
modest tidal monthly variability in SR has a strong effect on E; these could be related to lateral transport
effects. Much larger tidal monthly changes in SR under high-flow conditions have a rather small effect on
E. In fact, tidal monthly variability in E is almost totally suppressed at the three South Channel stations
during high flow periods. It is depressed to a lesser degree at AM012. Because the high-flow period was
brief, it is difficult to fully analyze the interaction of tidal range and flow in setting E. It is clear, however,
that the high flows impede retention of particles, and that particle trapping is most efficient (if somewhat
variable) during low-flow periods. We consider this issue across a spectrum of estuaries below. In particular, the Fraser River estuary illustrates the very high-flow asymptote, where E <1 as the estuary volume decreases and particle residence time RT drops below one day.
Figure 11 E vs. SR for CR stations
Trapping Efficiency vs. Flow across a Spectrum of Estuaries
Compilation of E vs. SR in 15 estuaries provides a dynamic range in both variables of >103 (Figure 12, Table 2, Appendix). While there is considerable scatter reflecting geometry and other factors par-
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ticular to individual estuaries, there is still a clear trend: E = CE/CR decreases with increasing SR = P
UR/UT as described by the log-space regression line:
E = 0.71 SR 0.77 R2 = 0.79

(5)

This result implies that the decrease in length of an estuary and increased barotropic throughput with increasing flow outweigh the increase in the intensity of two-layer flow in determining E. While our analysis has focused on vertical shear as the dominant mechanism causing particle trapping, lateral mechanisms are known to be important in the Hudson and Columbia (Fain et al. (2001 and Geyer et al., 1997).
Nonetheless, these two systems do not appear exceptional relative to other estuaries. Also, Figure 12 and
the direct relationship between E and F (Figure 8) together suggest that aggregation should be systematically more important to ETM processes in estuaries with weak river flow relative to tidal currents.
SR depends in principle, however, not only on UR/UT, but also on Rouse number P = WS/(κ U*).
In reality, Figure 7 suggests that the variations of WS and U* are linked such that the dynamic range of P
in mid-ETM is small; thus, variations in P account for only a small part of the dynamic range of SR, and P
exerts only a minor influence on the E vs. SR relationship in Figure 12.
Figure 12 – E vs SR over a range of estuaries
All the high-flow estuaries in Figure 12 (the Mississippi, the Fraser and the Columbia at high flow)
exhibit a low trapping efficiency, 0.25 ≤ E ≤ 2. Though ample amounts of sediment are supplied to these
estuaries, little is retained. Vessel observations in the Fraser (for the extreme high flow of 1999, Figure 9)
clarify the mechanisms involved. There are several factors:
•

Salt is almost totally removed from the estuary on each greater ebb, exposing the bed to very high
stresses, with U* up to 0.15 ms-1. This prevents day-to-day accumulation of SPM on the bed.

•

A very short estuary (only a few km long) allows little settling of fluvial material into the lower, saline layer where aggregation into rapidly settling particles and landward transport are possible (Figure 9). The result is an SPM distribution that is “upside down” relative to typical estuarine conditions
– the highest concentrations are between the free surface and the top of the pycnocline.

•

The surface currents never reverse to a flood condition, so that there is no respite from the nearsurface export. This also reduces the residence time of particles in the estuary.

•

A very short estuary reduces the area and volume of mesohaline water favored by ETM microbes.
Also, the 1999 LMER (extreme high-flow) observations in the Fraser suggest that reduced ETM particle residence time RT lowers ETM biological activity, including that of microbes. Increased levels
of fluvial fines (represented by CR) may also correspond to reduced percent organic content, resulting
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in lower microbial activity and reduced values of stickiness α. While Figure 9 suggests that aggregation occurred, despite unfavorable conditions, in the Fraser under extreme freshet conditions of 1999,
it was not occurring rapidly enough to retain SPM in the estuary and had little impact on the food
web in the estuary (C. Simenstad, personal communication).
The behavior of very short, high-flow estuaries also calls into question the scaling used for (2)
and (4). We have scaled the length of the ETM Lx as the horizontal distance over which ETM trapped
material would settle from the surface to the bed, when transported by typical tidal currents. Such a scaling assumes that the salinity intrusion length (i.e., the total length of the estuary) is greater than Lx. Figure 9 shows that high flow estuaries like the Fraser are shorter than this, allowing export of SPM over the
top of the salt wedge before material can settle to the bed. Still, high-flow systems do not seem to deviate
systematically from the general trend of estuaries.

Discussion
Our scaling analysis and observations from 15 estuaries with different degrees of buoyancy input
suggest that ETM dynamics respond to tidal and fluvial forcing in ways that, while not simple, are still
explicable. This approach both confirms and extends the conventional wisdom about ETM. It confirms
the traditional idea that the strongest particle trapping (maximal Trapping Efficiency E) should occur in
the “null zone” (at the stagnation point), where advection number A ~0 and aggregation is strong. Our
analysis also suggests that E varies with the Supply number SR = P UR/UT according to E = 0.71 SR0.77.
This relationship allows us to specify several important ETM properties.
Mid-ETM scaling relationships may be defined using (5) and the observation (Figure 7) that
Rouse number P ≈0.7 in mid-ETM. Then, (5) and the definitions of SR and F (with α = 0.4) yield:
E ≈ 0.93 (UT/UR)0.77

(6a)

F ≈ 0.37 (U∗H/ν)½ CF (UT/UR)0.77

(6b)

These expressions provide estimates of maximum, mid-ETM values of E and F that are independent of
particle properties, aside from the role of CF in (5b). Clearly, E and F increase with UT/UR.
Important mid-ETM properties may then be defined in terms of U∗, if it is assumed that P ~0.7
and that the relationships in (3a,b) for D and

ρE also apply:

D ≈ 0.11 U∗0.65 (D in mm, U∗ in mms-1)

(7a)
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ρE ≈ 60 U∗-0.30 (

ρE in kg m-3, U∗ in mms-1)

F/G ≈ 32,000 U∗-0.20 CF

(7b)
(7c)

Thus, the stronger the bedstress, the larger and less dense the particles trapped (7a,b), though the density
dependence on U∗ is modest. The F/G ratio is only weakly dependent on U∗, so it is likely that the preponderance of aggregation over disaggregation found in the Columbia is typical of ETM in general (7c).
Some caution is required in using (7a-c), in that they represent the combination of two uncertain power
laws, and other functional forms aside from those in (3a,b) have been advanced. These relationships
should then be viewed as hypotheses regarding ETM particle properties, rather than as definite results.
The role of aggregation relative to other ETM processes (vertical mixing, deposition/erosion and
advection) has been assessed differently across the spectrum of estuaries, and (6b) and (7c) perhaps provide a means to reconcile the diverse interpretations found in the literature. Aggregation has been described as dynamically important for weakly forced systems with high organic loadings (Partheneides,
1993; van Leussen, 1996). In contrast, observations in more strongly forced systems do not suggest dynamically important aggregation effects (Schubel et al., 1978, Kranck et al., 1993), though Crump et al.
(1998) have shown that aggregation is of major biological significance in the Columbia. Aggregation can
be expected to be important relative to vertical mixing and horizontal transport when river flow UR is low
relative to tidal exchange UT, and concentrations of fines (CF) are high (6b). However, (7c) suggests that
strong tides will increase disaggregation relative to aggregation.
Note also that deposition and erosion scales vary with U∗2 (4b), while F increases with ~U∗0.5 (6b)
and F/G varies with U∗-0.20 (7c). Thus, we expect larger differences in deposition/erosion processes between estuaries than in aggregation. This is confirmed by the differences between sand-bedded ETM
(e.g., in the Fraser and Columbia) where no long-term deposition of ETM aggregates occurs, and weakly
forced systems such as the Hudson and Chesapeake Bay, where such long-term deposition is prominent.
Variations in ETM particle properties are also vital. The increase in D in the ETM with U∗ implied by (7a) does not contradict a priori the idea that the Kolmogorov scale limits aggregated growth,
because the portion of the particle spectrum seen in the ETM water column varies – the largest particles
are suspended only on spring tides when small particles are lost to export. Still, using (7a), the definition
of the Kolmogorov scale λK = (ν3/ε)0.25 (ν = 1.2 x10-6 m2s-1 is kinematic viscosity and ε is dissipation rate)
and a representation of ε as U∗3/HB (HB is boundary layer thickness, taken here H/3) allows us to estimate:
D/λK ≈ 0.123 U∗1.4/H0.25

(U∗ in mms-1, H in mm)

(7d)
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For water depths of 5 to 30 m, D/λK reaches unity for U∗ values of 20-30 mms-1. Particles substantially
smaller than suggested by (7d) cannot be retained in most ETM. We expect, therefore, that ETM particles
will have effective diameters O(D/λK). This is a comforting realistic prediction, in that aggregates with D
~ λK and U∗ values of 20-30 mms-1 are often seen. Still substantially larger particles are frequently seen in
ETM. Knowles and Wells (1998) observed, for example, many aggregates with D >1 mm (D/λK > 1). It is
also possible that the behavior of ETM aggregates is somewhat different from those in other environments because of the unique phylogenetic signature of the ETM bacteria that contribute to particle stickiness (Crump et al., 1999).
The scaling defined above in (2) to (4) deserves further testing, along with the additional relationships suggested by (5) to (7). It is an open question, however, whether some of the additional scaling parameters (not used here) may be important in some systems. In particular, seasonal and longer term deposition/erosion may be globally important in weakly forced estuaries.
Finally, comparison of ETM processes in the Columbia and Fraser River estuaries has a historical
dimension. Before dredging, flow regulation and flow diversion, the Columbia had bed depths, discharges
and SPM concentrations similar to those now seen in the Fraser. The food web of the Columbia River
ETM ecosystem is presently based on microbial processing of fluvial detrital and zooplankton grazing of
these particles and microbes (Simenstad et al., 1995; Crump et al., 1998). Yet zooplankton populations
were extremely low in the Fraser during the 1999 freshet (C. A. Simenstad, personal communication). If
contemporary Fraser River conditions are indicative of historic Columbia River estuary processes, freshet
season secondary productivity in the Columbia was even lower than it is at present. LMER results in the
Columbia for 1990-99 suggest that low secondary productivity during strong freshets is related to the low
residence time of particles and organisms in the ETM. Low freshet-season productivity may, however, be
compensated by higher productivity later in the season, apparently based on organic matter stored in the
ETM and peripheral bays. Two additional factors point to the historic importance of SPM exchange with
peripheral areas to the ETM ecosystem in the Columbia:
•

Before dam construction, the fluvial input of particulate organic detritus was smaller than at present,
because the warm summer temperatures and long residence times of the modern reservoir system encourage conversion of nutrients to organic matter (Small et al., 1990).

•

Macrodetritus supplied by peripheral marshes (about 70% of which have been removed from the marine ecosystem; Sherwood et al., 1990) was more important than at present.
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Summary and Conclusions
This contribution uses new observations from the Fraser and Columbia River estuary, literature
data for 13 other systems, and a scaling analysis to explore the SPM dynamics in estuarine turbidity
maxima (ETM). Scaling of the local (2) and time-averaged global (4) SPM conservation equations leads
to definition of five non-dimensional parameters that govern the SPM balance in ETM. The nondimensional parameters are: Rouse number P (the ratio of particle settling to vertical mixing in the local
SPM balance), Supply number SR (the rate of supply and removal of SPM by river flow in the global SPM
balance), Trapping Efficiency E (the effectiveness of ETM retention of SPM in the global balance), Advection number A (the strength of horizontal SPM advection relative to vertical mixing in both the local
and global balances), and Floc number F (the importance of aggregation in the global SPM balance). Additional non-dimensional numbers related to deposition and erosion from the bed on subtidal time scales,
disaggregation, and local tidal variability of SPM concentration were neglected here as small. Also neglected in the present analysis are lateral variations in along-channel fluxes, and lateral input from peripheral areas. Both processes may be important in some estuaries.
Moored ADP velocity and backscatter data from four stations in the Columbia River estuary
ETM were used to: a) investigate tidal monthly and seasonal variations in particle properties and SPM
dynamics and b) examine relationships amongst the five major scaling parameters. The moored instrument data covered ~8 mo during a very high-flow year (1997), with the strongest spring freshet since
1974. Three LMER cruises during this period provided calibration data and contributed to process understanding. Although fluvial supply concentrations were 500 to 600% greater during the spring freshet than
later in the summer, maximum (spring tide) SPM concentrations varied much less than this. At some stations, SPM concentrations were actually lower during the freshet than later in the summer, because of the
contraction of the estuary due to high flows and the strong export of SPM during the freshet. Floc number
F and Trapping Efficiency E both had maximum values on spring tides (when the ETM inventory of particles was re-suspended) after the spring freshet. The magnitudes of Advection number |A| and Supply
number SR were greatest during spring-freshet neap tides.
Scaling parameter investigations found that Trapping Efficiency E exhibited interpretable patterns
with respect to the other four scaling parameters. E was maximal for intermediate values of Rouse number P (at time of peak daily currents) of ~0.2 to 0.9; a mid-ETM value of P ~0.7 was taken as typical.
Values of A varied between stations, reflecting their different hydrodynamic circumstances. E, however,
was maximal at all stations for A ~0, that is, in a mid-ETM null zone. Lower values of E were found on
either side of the ETM, where SPM was being actively advected toward the center of the ETM. E and F
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are strongly related, and aggregation was most important (high F) in mid-ETM, where E was maximal. E
was also found to be highest during low-flow periods, such that it varied inversely with SR at all stations.
Data from 15 estuaries were used to investigate the relationship between E = CE/CR and SR = P
UR/UT over a dynamic range >103 for both parameters. The regression line E = 0.71 SR 0.77 accounts for
79% of the variance. Clearly, Trapping Efficiency E is reduced as river flow (scaled by the strength of
tidal currents) increases. SR depends in principle not just on UR/UT, but also on Rouse number P. P plays
only a minor role in E vs. SR relationship, however, because U* and WS adjust such that the P of ETM material is relatively constant over a wide range of flows. The extreme high-flow relationship between E and
Supply number SR was investigated in the Fraser River estuary during a major freshet. E is small for very
high flow levels (high SR), because the estuary is too short to trap SPM, currents near the surface never
flood, and the entire estuary bed is exposed to very high bedstresses on stronger ebbs when salt is totally
removed from the system. Also, aggregation may be less effective under circumstances when salinities
are near zero and retention time for SPM is < 1 d.
Use of P ~ 0.7 in mid-ETM allows definition of ETM values of D, D/λK,

ρE, and F/G in terms

of UR, UT and U*. These scaling relationships and the five non-dimensional numbers need to be applied
across a range estuaries to evaluate their realm of applicability. The scaling of deposition and erosion
should be tested in a system where these processes play an important role in the ETM. Including the reservoir of sediment in short-term storage on the ETM bed would be a natural but non-trivial extension of
the analysis presented here, requiring perhaps a combination of numerical modeling and observations.
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Appendix A
The analyses described in the text rely upon functional definitions of the non-dimensional parameters defined by the scaling of (2) and (4). For the 8-mo Columbia River data set (the four stations
shown in Figure 1a), all parameters were initially estimated from hourly data on a tidal-daily basis (using
a 27 hr window). Parameter-space explorations were then conducted using a smoothed (using a 97 hr Kaiser filter) version of the daily data, decimated to 6 hr intervals.
The most important details are related to the hourly parameter estimates. Hourly variables were calculated as follows:
•

Rouse number P = Ws /(κ|U∗|): P was calculated for the time of tidal-daily maximum current (flood
or ebb maximum current for Pf and Pe) using a weighted Ws value corresponding to the proportions of
C3 and C4 present. |U∗| at the time of maximum current was determined from the velocity (U) in the
bottom ADP bin as |U∗| = CD½ |U|. CD was taken as 10-3, based on the analysis of Giese and Jay
(1989), a value typical for stratified estuarine conditions in the Columbia and the Fraser. The U∗ estimate used here is that related to the total bedstress (skin friction plus form drag), as it is the total
stress that is related to the SPM distribution in the portion of the water column (elevations 1.8 or 2.5
m above the bed) sampled here.

•

Advection number A = P ∆U/UT: ∆U is the signed difference between maximum flood and maximum
ebb, near-bed velocity over a tidal day. UT is the absolute value of maximum near-bed current over
the same period.

•

Supply number SR = P UR/UT: Values of SR were tabulated from daily river flow (UR) for the station
closest to the estuary. US Geological Survey flow data for Beaver, OR, a location 87 km landward of
the mouth of the estuary, were used for the Columbia River. Similar values were provided by Environment Canada for the Fraser River at Hope.

•

Trapping Efficiency E= CE/CR: CE was taken as the filtered tidal-daily maximum near-bed concentration of trapped material for the two largest Ws-classes (C3 and C4) derived from the inverse analysis.
Fluvial source concentration (CR) was taken as the daily fluvial SPM concentration (total load minus
sand) predicted from river flow (Jay and Naik, 2002), based on 1962-1970 data provided by the US
Geological Survey (Haushild et al., 1966; D. Hubbell, personal communication; http://webserver.cr.
usgs.gov/sediment/).
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•

The Floc number F = α (U∗H/ν)½ E CF: CF was taken as the filtered tidal-daily maximum near-bed
concentration of trapped material for the two smallest Ws-classes (C1 and C2) derived from the inverse
analysis; α = 1, absent a more precise estimate.

Methods similar to the above were followed in the Fraser for stations bD11 and bL12, except that no time
series longer than 30 hr were available. For the other systems considered, values of SR and E were estimated from the literature in a manner as similar as possible to those for the Columbia. In several cases,
primary literature sources did not specify a value of WS for ETM-trapped material. Two approaches were
used to deal with this data gap. Figure 12 was produced under the assumption that ETM-trapped material
had WS = 5 mms-1 for systems for which WS was not known. We also plotted E vs. SR under the assumption that P = 0.7 for these systems; differences between the two approaches were small.
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Figure Captions
Figure 1a: Map of CORIE moored ADP stations in the ETM reach of the Columbia River Estuary during 1997. Red26 and Am169 had 0.5 MHz ADPs, while Tansy and Am012 had 1.5 MHz ADPs. The
North and South Channel ETM’s are separated by sand flats (hatched). Maximum salinity intrusion during the study period reached at most only about 10 km beyond AM169 in the South Channel and 5 km
beyond AM012 in the North Channel.
Figure 1b: 1999 vessel stations in the Fraser River estuary used for analysis of particle trapping. Maximum salinity intrusion extended only to about Steveston, ~10 km from the mouth. The navigation channel
closely follows the North Jetty from bD11 to Steveston. There is only one small peripheral bay, landward
of salinity intrusion during very high flows. There are, however, extensive tidal flats (the Fraser delta)
north of the jetty and south of the channel between Steveston and bD11. Note difference in scale to Figure
1b.
Figure 2a: Columbia River flow for 1997; 1997 had the largest spring freshet since 1974; the winter
flows were also unusually high. The modern flow cycle has been strongly altered by the flow regulation
and diversion.
Figure 2b: Fraser River flow 1999; 1999 had the largest freshet since 1974. Winter freshets are rare in the
Fraser River. The present hydrograph resembles that of the Columbia River before 1900; it has been little
altered by human intervention.
Figure 3: Conceptual sketch of the spatial distribution of concentrations and gradients (above) and Ce
fluxes (below) for a steady ETM, without aggregation/disaggregation or deposition/erosion; modified
from Jay and Musiak (1994). The maximum tidally averaged SPM concentration of ETM material
<{ Ce }> occurs in mid-ETM, which is usually located near the mean upstream limit of salinity intrusion.
The negative of the <{ Ce }> gradient emphasizes that the landward shear fluxes are countergradient on
the seaward side of the ETM. The net flux vanishes uniformly, as a condition of steadiness, but both the
seaward fluvial flux QR <{ Ce }> and the landward shear fluxes are elevated in mid-ETM, where <{ Ce }>
is maximal. The points x1 and x2 on either side of the ETM are chosen to have the same value of <{ Ce }>.
Figure 4: Time series of: fluvial SPM concentration CR (
(

), concentration of ETM fines CF (

), concentration of ETM trapped SPM CE

), and river flow QR (

) for station AM169 in (a) and for station

AM012 in (b). AM169 is on the landward side of the South-Channel ETM early in the record and in midETM later in the year, while AM012 is close to the middle of the North Channel ETM throughout the record. The gaps in the CE and CF time series at AM012 are the result of biofouling and loss of telemetry. A
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short gap ca. d 135 for station AM169 is the result of loss of telemetry. Note the differences in timing between the two stations.
Figure 5: Time series for station AM169 of (a) E (
(c): flood Rouse number Pf (

), F/G (

), -ebb Rouse number -Pe (

) and 10F (

); (b) SR (

) and A (

); and

), and tidal range/2 ( ). A short gap in all

properties at ~d 135 resulted from loss of telemetry.
Figure 6: Time series at (a) AM012 and (b) Red26 of aggregate settling velocity (as -Wse) in mm s-1 (
aggregate size ratio D/(100λ) (

), and shear velocity U* in mm s-1 (

),

). Large, rapidly settling particles

are seen on spring tides at AM012, but on neap tides at Red26.
Figure 7: Trapping efficiency E vs. Minimum daily Rouse number P (during maximum tidal-daily currents) for stations AM102 (top left), AM169 (top right), Tansy (bottom left) and Red26 (bottom right). E
is maximal for low to moderate P; i.e., on strong spring tides during low-flow periods when material accumulated on the bed over the tidal month is re-suspended.
Figure 8: Trapping efficiency E vs. Floc number F for stations AM102 (top left), AM169 (top right),
Tansy (bottom left) and Red26 (bottom right). E is maximal during periods when aggregation is effective
(high F) at all stations.
Figure 9: Alongchannel distributions of (above) coarse material determined from acoustic backscatter
and (below) fine material determined from optical backscatter; contours are salinity. Distributions are
shown at the 0901 and 0940, 5 July 2000, at the end of greater ebb when salt was almost totally removed
from the system. Because the salt wedge has stagnated, bedstresses in the salt-water mass are low. Fines
are being advected up through the interface and disappearing through aggregation, and sand appears to be
settling out into deeper water. Although aggregation is actively occurring, it is not rapid enough to retain
SPM in the estuary.
Figure 10: Trapping efficiency E vs. Advection number A for stations AM102 (top left), AM169 (top
right), Tansy (bottom left) and Red26 (bottom right). E is maximal for A ~0; i.e., during relatively low
flow periods when the station is nearly in the middle of the ETM.
Figure 11: Trapping efficiency E vs. Supply number SR for stations AM102 (top left), AM169 (top right),
Tansy (bottom left) and Red26 (bottom right). E decreases for high flows and large particles, at all stations. At the three South Channel stations, E is also strongly dependent on tidal range during low-flow
periods (low SR) but relatively insensitive to tidal range under high-flow conditions.
Figure 12: Trapping efficiency E vs. Supply number SR for 15 selected estuaries; estuary names and data
sources are listed in Table 2.
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List of Symbols

A

Advection number (P ∆U/UT)

B

width

C

concentration

Cbed

concentration of sediment in the bed

Ce

estuarine aggregate concentration

CE

estuarine aggregate concentration scale

Cf

estuarine fine sediment concentration

CF

estuarine fine sediment concentration scale

Cr

fluvial sediment concentration

CR

fluvial sediment concentration scale

CD

drag coefficient

D

effective aggregate diameter

E

Trapping Efficiency (CE/CR)

F

Floc number (α(U*H/ν)1/2ECF)

G

Disaggregation number (ΓE)

H

water depth

I

Inventory number (EHϖ/(κU*))

Ks

vertical sediment diffusivity

Lx

horizontal length scale

m

time scale

P

Rouse number (Ws/(κU*))

Qr

non-dimensional river flow volume

QR

river flow volume

Rf

internal Rossby radius

RT

residence time

SR

Supply number ( PUR/UT)

t

time
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u

along channel velocity

U*

shear velocity

U*D

critical deposition shear velocity

U*E

critical erosion shear velocity

UR

river flow velocity

UT

tidal velocity scale

∆U

scale for near-bed flood-ebb velocity difference

w

vertical velocity

WS

settling velocity

WSE

estuarine aggregate settling velocity

x

along channel distance

z

vertical distance from bed

Φ

Aggregation scale (α(U*H/ν)1/2CF)

Ω

Deposition scale (EP[(U*D2- U*2)/ U*D2])

β

disaggregation constant

Γ

disaggregation scale (ΦE)

Λ

erosion coefficient

Ψ

Erosion number (EΛCBed/CR((U*2- U*E2)/ U*E2])

ν

kinematic viscosity, 1.2 x10-6 m2s-1

κ

van Karmann’s constant

λ

nominal particle diameter scale

λK

Kolmogorov length scale

α

stickiness coefficient divided by κ

ω

tidal frequency

ϖ

neap-spring frequency

ε

dissipation rate

∆ρE

aggregate excess density

∆ρF

estuarine fines excess density
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Table 1: Station information from the four CORIE ADP stations during 1997

Red26

Tansy

AM169

AM012

# of beams

3

4

3

4

Frequency, MHz

0.5

1.5

0.5

1.5

Bin size, m

0.50

0.25

0.50

0.25

Deployment period, d

121-365

121-361

121-321

142-365

Biofouling period, d

240-280

240-295

none

240-295

Mean water depth, m

16.9

13.3

19.2

21.1

First bin elevation, m

2.7

1.9

2.7

1.9

Number of depth bins

24

36

29

67

Maximum near-bed
velocity, ms-1

1.65

1.23

1.49

1.22

Mean diameter De, mm

0.534

0.886

0.881

0.753

Mean Wse, mms-1

3.75

7.89

8.02

6.24

Mean excess density, ρe, kg m-3

30.1

24.0

24.7

26.1

Mean Cr, mg l-1

25.2

25.1

25.1

20.7

Maximum Cr, mg l-1

76

76

76

68

Mean Cf, mg l-1

11.7

14.6

11.5

14.9

Maximum Cf, mg l-1

116

113

65

160

Mean Ce, mg l-1

20.3

26.3

17.4

60.1

Maximum Ce, mg l-1

194

162

118

239

Station:
Feature:
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Table 2: Values and Data Sources for Figure 12

Code

Estuary

Flow
Regime

Tidal
Regime

E

SR

Data source(s)

A

Chianjiang

high

spring

20

0.034

Jilan and Kangshan (1986)

C

CR South

[range]

[range]

1.1-8.7

0.045-0.53

our data, with Gelfenbaum (1983)

c

CR North (AM012)

[range]

[range]

1.5-14

0.067-0.20

our data

E

Elbe

average

n/a

19

0.012

Grabemann et al. (1996)

F

Fraser

[range]

[range]

0.27-0.58

0.35-1.5

our data, with Kostaschuk et al. (1989)

G

Gironde

high

spring

67

0.011

Allen et al. (1977)

H

Hudson

high
low

average
average

67
13

0.0041
0.051

Geyer (1995);
Orton and Kineke (2001)

K

Chesapeake

average

average

6.0

0.013

Sanford et al. (2001)

L

St. Lawrence

average

neap

42

0.013

Hamblin (1989)

M

Ems

low

n/a

60

0.00064

van Leussen (1996)

P

Mississippi

low, high

n/a

1.75,0.5

0.051,1.2

Meade (1972)

T

Tamar

low
average

spring
spring

400
100

0.0012
0.0087

Uncles and Stephens (1993);
Grabemann et al. (1997)

U

Humber-Ouse

low

spring

120

0.00061

Uncles et al. (2001)

V

Savannah

average

n/a

150

0.018

Meade (1972)

W

Weser

high
average
average

n/a
n/a
average

3.1
17
14

0.10
0.017
0.085

Grabemann and Krause (1989);
Grabemann et al. (1996);
Grabemann and Krause (2001)

Z

Seine

average

average

80

0.0033

Hir et al. (2001)

Figure 1a: Map of CORIE moored ADP stations in the ETM reach of the Columbia River Estuary during 1997. Red26 and Am169 had 0.5 MHz ADPs, while Tansy and Am012 had 1.5 MHz ADPs. The
North and South Channel ETM’s are separated by sand flats (hatched). Maximum salinity intrusion during the study period reached at most only about 10 km beyond AM169 in the South Channel and 5 km
beyond AM012 in the North Channel.
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Figure 1b: 1999 vessel stations and transect in the Fraser River estuary used for analysis of particle trapping. Maximum salinity intrusion extended only to about Steveston, ~10 km from the mouth. The navigation channel closely follows the North Jetty from bD11 to Steveston. There is only one small peripheral
bay, landward of salinity intrusion during very high flows. There are, however, extensive tidal flats (the
Fraser delta) north of the jetty and south of the channel between Steveston and bD11. Note difference in
scale to Figure 1b.
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Figure 2a: Columbia River flow for 1997; 1997 had the largest spring freshet since 1974; the winter
flows were also unusually high. The modern flow cycle has been strongly altered by the flow regulation
and diversion.

Figure 2b: Fraser River flow 1999; 1999 had the largest freshet since 1974. Winter freshets are rare in the
Fraser River. The present hydrograph resembles that of the Columbia River before 1900; it has been little
altered by human intervention.
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Figure 3: Conceptual sketch of the spatial distribution of concentrations and gradients (above) and Ce
fluxes (below) for a steady ETM, without aggregation/disaggregation or deposition/erosion; modified
from Jay and Musiak (1994). The maximum tidally averaged SPM concentration of ETM material
<{ Ce }> occurs in mid-ETM, which is usually located near the mean upstream limit of salinity intrusion.
The negative of the <{ Ce }> gradient emphasizes that the landward shear fluxes are countergradient on
the seaward side of the ETM. The net flux vanishes uniformly, as a condition of steadiness, but both the
seaward fluvial flux QR <{ Ce }> and the landward shear fluxes are elevated in mid-ETM, where <{ Ce }>
is maximal. The points x1 and x2 on either side of the ETM are chosen to have the same value of <{ Ce }>.
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(a)

(b)

Figure 4: Time series of: fluvial SPM concentration CR ( ), concentration of ETM trapped SPM CE
( ), concentration of ETM fines CF ( ), and river flow QR ( ) for station AM169 in (a) and for station
AM012 in (b). AM169 is on the landward side of the South-Channel ETM early in the record and in midETM later in the year, while AM012 is close to the middle of the North Channel ETM throughout the record. The gaps in the CE and CF time series at AM012 are the result of biofouling and loss of telemetry. A
short gap ca. d 135 for station AM169 is the result of loss of telemetry. Note the differences in timing between the two stations.
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(a)

(b)

Figure 5 (continued on next page)
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(c)

Figure 5 (continued): Time series for station AM169 of (a) E (
and A (

); and (c): flood Rouse number Pf (

), F/G (

), -ebb Rouse number -Pe (

) and 10F (

); (b) SR (

)

), and tidal range/2 ( ). A

short gap in all properties (except tidal range) at ~d 135 resulted from loss of telemetry.
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(a) AM012

(b) Red26

Figure 6: Time series at (a) AM012 and (b) Red26 of aggregate settling velocity (as -Wse) in m s-1 (
aggregate size in mm as D/100 (

), and shear velocity U* in m s-1 (

),

). Large, rapidly settling particles

are seen on spring tides at AM012, but on neap tides at Red26.
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Figure 7: Trapping efficiency E vs. Minimum daily Rouse number P (during maximum tidal-daily currents) for stations AM102 (top left), AM169 (top right), Tansy (bottom left) and Red26 (bottom right). E
is maximal for low to moderate P; i.e., on strong spring tides during low-flow periods when material accumulated on the bed over the tidal month is re-suspended.
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Figure 8: Trapping efficiency E vs. Floc number F for stations AM102 (top left), AM169 (top right),
Tansy (bottom left) and Red26 (bottom right). E is maximal during periods when aggregation is effective
(high F) at all stations.
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Figure 9: Alongchannel distributions of (above) fine material determined from optical backscatter and
(below) coarse material determined from acoustic backscatter; heavy contours are salinity. Distributions
are shown for above average tidal range, 0901 and 0940, 25 July 1999, at the end of greater ebb when salt
was almost totally removed from the system. See Figure 1b for transect location. Because the salt wedge
is stalled, bedstresses in the salt-water mass are low. Fines are being advected up along the interface and
disappearing through aggregation (not settling), and sand appears to be settling out into deeper water. Although aggregation is actively occurring, it is not rapid enough to retain SPM in the estuary.
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Figure 10: Trapping efficiency E vs. Advection number A for stations AM102 (top left), AM169 (top
right), Tansy (bottom left) and Red26 (bottom right). E is maximal for A ~0; i.e., during relatively low
flow periods when the station is nearly in the middle of the ETM.
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Figure 11: Trapping efficiency E vs. Supply number SR for stations AM102 (top left), AM169 (top right),
Tansy (bottom left) and Red26 (bottom right). E decreases for high flows and large particles, at all stations. At the three South Channel stations, E is also strongly dependent on tidal range during low-flow
periods (low SR) but relatively insensitive to tidal range under high-flow conditions.
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Figure 12: The E vs. SR relationship over a spectrum of estuaries. Estuary names and data sources are
defined in Table 2.
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